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A phenomenological model has been developed and discussed. The model is able to describe
the experimentally measured light transmission of nanowires arrays. Two representative
samples were studied in this report. A well aligned nanowires sample was first modelled by
an effective layer model with surface roughness added. Then a slightly tilted nanowires
sample with round top was phenomenologically modelled by a two layers model with a first
top layer of an effective medium which includes a volume scattering contribution (Mie
theory). Roughness and waviness are added to account for the nanowires small and large scale
fluctuation in height. This phenomenological description was proven to be feasible by fitting
experimental data. As a conclusion, light transmitted through randomly distributed nanowires
can be explained by the combination of volume and surface scatterings using respectively Mie

theory and rough Fresnel coefficients at the interfaces.
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1. Introduction

One-dimensional semiconductor nanowires are otatgnterest for a large number of
electronic and photonic devices due to their platsproperties coming from electronic or
guantum confinement [1-4]n particular, ZnO nanowires thin films are amorg tmost
promising materials, because of a large excitonlibm energy (60 meV), a wide bandgap
(3.37eV), a resistance to harsh environments a$ agelthe existence of relatively easy
nanofabrication methods like the catalyst-assistagor-liquid-solid growth method[5-6],
chemical bath deposition (CBD) [7] or electrochemhideposition (ECD) [8, 9]. ZnO
nanowires are attractive building blocks for mamgoelectronic devices such as ultraviolet
lasers [10, 11], gas sensors [12, 13], light engttiiodes [14, 15], and photodetectors [16,
17].

Many theoretical works that have aimed at calcatathe transmission of nanowires
thin films are based on numerical studies using fthite-difference time-domain method
(FDTD) method [18-23]. FDTD appears as a straigitéod method to simulate light
interaction with nanowires, however, this appro&lhvery time consuming and requires to
know the exact geometry of the samples. As thetisollgrown nanowires are randomly
distributed and usually tilted on the substrate #&xact geometry is almost impossible to
assess. In this context, phenomenological modedipears more appropriate to describe the
optical properties of the arrays. As an exampliesija approach has already been applied to
simulate the optical properties of Cu nanowires].[24 this paper, we report on the
phenomenological modelling of the light transmissod nanowires arrays through parameters
coming from the fitting of the direct transmissioha ZnO nanowire array sample. A rather

simple analytical model is developed to descrilgedptical response of the sample.

2. Theory and calculation

2.1. Transfer matrix method and rough Fresnel coefficients

The transmission of a multilayer system is read#éyculated by the transfer matrix

method [25]. In the matrixA} is the amplitude of the electromagnetic wave prafiag in



the positive direction, which is the same directimnthe incident lightd! is the amplitude of
the electromagnetic wave propagating in the negadivection. The Light amplitude in air
A} andA} can be calculated in the following form by

i
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whereM; is the transmission matrix at the flat interfaegeen two media layeis- 1 and i

given by:
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wheret;_, ; andr;_; are respectively the Fresnel transmission aneéatfin coefficients of
the interface between layars- 1 and i. The propagation matrik;, which relates the field

amplitude in the top and bottom sides of the ldyas given by:
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wherep; is given by:
21
Bi= Tdini cos 6; (4)

A is the wavelength of the incident field,is the thickness of thieth layer, and; is the

incident angle at the interface between layersl andi.

If we assume the field amplitudes in the bottometajo bed! = 1 andA!=0, then the
transmission of the multilayers structure can hgessed as:

n; 1

T=—(7)? 5
e D) (5)
To calculate the surface scattering between therfades of the rough layers, the

rough Fresnel coefficients equations were appldlLérondel and R. Romestdi26] have
derived a second-order approximation solution, taedsimplified reflection coefficients_, ;
and transmission coefficients ;; of a rough layer have been given in the speciaé aaf

small scattering angles:
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Tim1i = ﬁ{l — 4k;_4%&7%} (6)
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wherek;_, and k; are the wave factors of the incident wave andstratted wave at the

rough surface of the layérandé¢; is the amplitude of the sine profile roughness.

The transfer coefficients for the amplitude of fard and backward wavds_; and

Aj_; in the medium — 1 as a function of the amplitudg and 4; in the mediumi are
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Then the transmission mat that links the amplitude of the waves on the tides of the

obtained

rough interfaces is given by:
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2.2. Effective medium theory (EMT)

EMTs have been developed to calculate the effegbenittivity of a composite
material system. In our modelling, we selected Malk@arnett model [27TTo simulate the
porous properties of an effective layer composeiief scattering nanosphere and air. The
effective permittivitye; of this layer can be derived from the followinguatjon:

&1~ Eair Esp — Eair
=
&+ 2¢&4;r Esp T 2&4ir

(14)



wheref; is the density of the nanospheres in the effedéiyer,¢,;, is the permittivity of the
air andsg, is the permittivity of the nanospheres, which viaél introduced in the following

section.

As for another effective layer, which are composédonspherical material and air.
We selected the Landau Lifshitz/Looyenga model [29] as the effective medium model.

The effective permittivitye, can be deduced from the following equation:

Vez = Lofen + (1= f2)eair (15)

While £, ande,, are the volume fraction and permittivity of the qmmentn.

2.3. Effective extinction coefficient of a homogenous nanosphere slab
Mie theory was applied to calculate effective edfiion coefficient of a

homogenous nanosphere sjatj. The volume attenuation coefficient is given by:

Cext (16)
v

a =

while C.,; is the extinction cross-section of nanosphere @arid the volume of
nanosphere. From equation (16), one can easiljevetrthe imaginary part of the

refractive index that accounts for the extinctiabgorption and scattering):

— Cext)L (17)
4vm

The refractive index of a homogenous nanospherb gldh Mie contribution can be

expressed as:

CoxeA
ext i (18)
4vm

n=n+
we consider here that the real part is not affeated/e are dealing with a homogenous
slab.

2.4.The combined model

In this work, we have developed a combined modephenomenologically
model randomly distributed nanowires thin film. &ig 1 shows the sketches of the

sample (left) and the model (right). We modeled timowire by two effective
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medium layers with the first top layer includes Mientribution accounting for the
light scattering by the top of the nanowires. Rmeags and waviness are added to
account for the nanowires small and large scaletdations. Parameters have been
chosen to be directly linked to the real geometry tbe sample. In the
phenomenological model, the average diameter oh#m®wiresd corresponds to the
diameter of sphere, the average height of nanowiresresponds to the sum of the
first and second layer thicknesses,+ d, the small scale height fluctuations
corresponds to the roughne&s and finally the large scale height fluctuatiows

corresponds to the waviness

By applying equation (1) we can calculate the fialdplitude in air(see the
appendix for the matrix configuratian)

A} Al
[ ] ML M,L,M3LsM, ...M, L, M [ ] (19)
AO AS

while M;, M5 are transmission matrices at the two rough interfa and 3, and,, M, and

M, the transmission matrix at the interface 4, nanbhen the equation (19) can be given by:
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The transmission is given by:

_ng(1 2
T, 2 21
m = < Ai) (21)
The multilayers transmission is modified by thetbot reflection of the glass, which is

simply the Fresnel reflection between glass andaan then the transmission is given by:
Ts = Tin(1 — Ry) (22)

As for the thickness and diameter fluctuations echlhere thickness and diameter
waviness respectively we took a simple weightingcfion by considering the fraction as
1:2:5:2:1, which come from the Gaussian-like dttion of the thickness. This method has
already been used in the case of porous silican [81] and Gaussian distribution of
diameters has been observed in the CBD growth naesvas well[7]. Then the final

transmission of the combined model is expressed as



2 2 2
T = Z C, Z C, Z C,To(dy, + uc,,d, + vo,,d, +wa,) (23)
w=-2 v=-2 u=-2

whereu, v,w represent the coating layer of the substrate, dfiective layers and the

nanosphereg is the thickness (diameter for the nanospherets),the waviness (dispersion

for the nanosphered),is the weighting valuet_, = ﬁ C_, = 12—1 Co = % C, = i C, = ﬁ

The reflection of the combined model is calculatethe same way:
A
Rs = (A—é)2 (24)
The final reflection of the combined model is givan

2 2 2
R = Z Cw Z C, Z C.R;(dy + uoy, d, +vo,,d, + wa,,) (25)
w=-2 v=-2 u=-2

The signal attenuation (absorption and scattetimgy) is expressed as:

A=1-T—-R (26)

3. Experimental details

The first ZnO nanowires thin film sample studiedhis paper was prepared by CBD
method. 0.035M zinc acetate was dissolved in 750imdeionized water. 9ml of ammonium
hydroxide was added to this solution. The ZnO degdr pre-coated quartz substrate was
immersed in this solution for one hour at@7details of the deposition technique can be
found in the literature [7]). The second ZnO namewisample was obtained by ECD method,
in the following condition: C[Zn(CI@)] = 0.2 mM, Q = 23.81 C.cthand molecular oxygen
bubbling (details of the deposition technique aadditions can be found in the literat{i@e
9]), The sample was grown on a FTO thin film coatgaks substrate, the thickness of the
FTO layer was about 1 um.

The morphologies of the samples were charactebgethe Field-emission Scanning
Electron Microscope (FEG-SEM Hitachi SU8030 at 10) kand the Atomic Force
Microscope (AFM 5100 Agilent). The optical transei® curves of the ZnO nanowires
samples were measured using a UV-VIS-NIR spectrgpheter (Cary 100) with a spot size
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of 2 mm x 5 mm, which is much bigger than the sizg¢he nanowires and the distance
between them. In this regard, the studied nandsireicamples in this work have large scale
uniformity compared to the spot size. Moreoverdéasgale homogeneity has been assessed by

measuring the transmission on different spots @fstimple.

4. Resaults

4.1. Morphology and Transmission curves

The SEM image (inset of Figure 2 (a)) shows that thnowires of sample 1 were
relatively well aligned and perpendicular to théstuate. They were closely compact, with a
diameter and length in the order of 50 nm and 8hOr@spectively. Figure 2 (a) displays the
transmission curve of sample 1. This curve showses&ringes in the visible range and a
sharp decrease of the transmission at shorter efgttls, which is attributable to near band

edge absorption. Those features are typical ofrétresmission of a ZnO thin film.

The inset of Figure 2 (b) shows a cross-sectiosaofiple 2. The diameter and length
of the nanowires were in the order of 200 nm arf@l @5, and the nanowires were more titled
compared to the sample 1. The angle is howevereantaan 30° with respect to the substrate
normal vector. Figure 2 (b) shows the transmissiamves of the substrate alone (FTO-coated
glass) and sample 2. The transmission curve ofubetrate has the similar features as the one
of sample 1. For the full sample, the curve shoWwsoat no transmission below 375 nm,
which is due to the absorption by the ZnO. Thedmaission has a fairly constant value over

the range of 400 to 470nm and then increases moicatty at longer wavelengths.

4.2. Therough layer model

The applicability of the rough layer model wastfiwsrified by respectively modelling

the optical transmission curves of sample 1 artl@FTO substrate used for sample 2.

As described in the previous part, the nanowiresashple 1 are very compact and
have small diameter, a rough porous thin film mddedet drawing of Figure 3) is applied to
fit the transmission curve. Figure 3 shows theudated curves with different parameters and

the experimental data. The best fitting curve walsutated by the following parameters: The



thickness of the ZnO thin films is 810 nm with awvess of 30 nm. The surface roughness is
equal to 18 nm. As for the modeling on the porouwperties of the thin film, we selected the
Landau-Lifshitz/Looyenga model as the effective madmodel, with a ZnO volume fraction
of 73%, which is fairly comparable to the densifytlee close packed ZnO nanowires. The
good fitting in Figure 3 indicates that the ligltattering of sample 1 can be explained by
small angle scattering only due to surface roughnBse effective medium theory works well
to simulate the nanowires thin film as a porous filim, since the diameters of the nanowires

are much smaller than the light wavelength.

Then we simulate the transmission curve of the BUbstrate of the second sample
with a rough thin film model. We need first to defi the parameters of the substrate,
including the thickness, roughness and wavinesditugs and the refractive index of the
FTO layer. Figure 4 (b) and Figure 4 (c) show tEMSand atomic force microscope images
of the FTO layer. The roughness root mean squatieeoF TO layer can be obtained from the
AFM image which is equal to 29.5 nm. The inserfajure 4 (d) shows the model used to
calculate the transmission curve of the substitigh the known roughness amplitude, the

other parameters in the calculation are obtainefitiyg the measured transmission curve.

Figure 4(a) shows the calculated transmission suofea flat substrate and a rough
substrate. The transmission of the rough substsatewer and shows less contrast in the
fringes, which is due to the scattering by the axefroughness. The simulated curve of the

rough substrate fits better with the experimengdihd

Nevertheless, to well account for the experimeniaia, a further decrease of the
fringes contrast is needed. Waviness was addedwBliveness was accounted by averaging
the transmission for five different thicknesses1@®m, 101G 20 nm, and 101ft 40 nm
with a respective weight of 5, 3, 3, 1, 1. Compat@dhe case without waviness in Figure
4(a), Figure 4 (d) shows that the simulated traesion curve of a rough substrate with

thickness fluctuation has less contrast in thegé and fit very well the experimental data.

The inset in Figure 4(a) shows the refractive indexluced from the fitting by the
gradient descent optimization method, which is caraple to the refractive index for the
FTO thin film in the literature [32]. We used thense optimization method to optimize the
thickness, waviness, the amplitude of the roughaeskthe refractive index of FTO at the

same time. The optimized values are as followsthiekness of the rough FTO lay@g;, =



1010 nm, the roughness amplitufle, = 29.5 nm and the thickness waviness amplitude,

orro €quals to 20 nm.

4.3. The combined mode

To achieve the best fitting between the calculafimm the combined model and
measured curve, we first assess the contributibribeo different parameters. Figure 5 (a)
shows the calculated optical transmission curvethige simple models. The first curve is
calculated from the FTO coated substrate plus fileztve ZnO layers. For the top layer, the
thicknessd = 220 nm and densitfj=58%, and for the second layer, the thicknegs,is 480
nm and the density i§=70%. Referring to the transmission curve of th®©FSubstrate, this
calculated curve has more interference fringes umxaf the larger thickness. There are
obvious disturbances of the fringes from 420 nrB@6 nm, which is due to the difference in
the effective refractive index of the two layersheTdotted curve of Figure 5 (a) is the
transmission of the substrate plus two ZnO effeckayer with roughnes$=48 nm in the top
layer and total wavinegs= 120nm. Compared to the case without roughnessaawthess,
this curve has lower transmission and the contfste fringes is much less. Both of the two
curves have no transmission in UV ranges becausieecdbsorption of the ZnO layers. The
third curve is the transmission calculated for sistrate plus an effective layer including
Mie contribution which has the equal thickness diaaneter otd = 220 nm, density of sphere
f1=58% estimated from the ratio between ZnO andrainfthe SEM image (inset of Figure
1(b)), dispersion of the diametey,=7nm. This curve shows that a dip at around 50@am
be explained by Mie resonance that will induce@pdn the transmitted intensity as shown in

the measured transmission of sample 2.

The inset of Figure 5(b) shows the combined modkickv is composed of the
substrate, an effective ZnO layer and a nanoshpges. The simulated curve is calculated
based on the following parameters: the diametenasfosphered = 220 nm and a size
dispersioro, equals to 7 nm, the thickness of the sphere lagdrthe ZnO effective layer
are 220 nm and 480 nm respectively, the top sur@eghness,,,,=48 nm and the waviness
amplitude,oeffective 1ayers = 140 nm, which is around 20% of the total thidseThis

optimized curve is the one that agrees the most thé measurement.
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5. Discussion

The transmission of ZnO nanowires is phenomenaoidigienodelled by the combined
model. In our model, the nanospheres are usednialiy the volume shape of the nanowires,
while the roughness simplifies the top profile bé thanowires. The volume scattering and
surface scattering effects are considered as thie faators for light scattering in the
nanowires array. In addition, we add a ZnO thimflayer on the FTO layer to absorb the
transmitted UV light through the first top layewurthermore, the waviness, thicknesses, and
diameters that are applied in the model lead t®naarkable fit for the fringes contrast in the
transmission curves. The goal behind the use oEitnglified model is to explain that light
interaction within the rather complicated sample ¢ simplified and considered as the

combination of Mie and rough surface scatterings.

As for the phenomenological description, it is vlocbmparing the parameters of the
combined model to the parameter of the nanowirgbenreal case. In the combined model,
the combined structure including the slab of nahesps, the rough and wavy ZnO layer is
aiming at modelling the light interaction in thenoavires arrays. As shown in Table 1
comparing the measured and retrieved parameterBnavéhat the thickness of the combined
structure (the layer of ZnO nanospheres plus th@ [Ayer) is comparable to the length of the
nanowires and that the diameter of the nanospl{abeEsit 220 nm) matches the diameter of
the nanowires as well. This very good agreementdmt measured and retrieved parameters
confirms the veracity of the combined model propolsere. As the model i.e. generic model
relies on three opto-geometrical parameters, thgtteand the diameter of the nanowires and
their refractive index. The difference in heightascounted by the roughness parameter
whereas the potential light scattering inducedhaydtructures themselves is accounted by the
Mie-theory. This phenomenological model can belgagplied to any other material based
nanowire films which allows for a simple physicasdription of light interaction within

nanowire arrays based thin films.

The main limitation lies in the fact that the de{stton does not account for anisotropic
diffractive structures. This will be a limitatiolrf describing nanowires laying on a substrate
which is here out of the scope of a thin film de#ewn. This model intends to described
nanowire based thin films with the wires mainlyemted perpendicular to the substrates
which is from far the most current case whateverdghemical or physical growth techniques
excluding transfer techniques.
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In summary, we have proposed a 1D matrix based gghenological model to
describe the transmission of randomly distributedawires arrays. The model relies on Mie
scattering, interface roughness, and waviness.sirhalations on the CBD grown nanowires
sample and the FTO substrate firstly verified tppligability of the rough layer model. Then
using the combined model, we have modelled ligingmission of randomly distributed ECD
growth ZnO nanowire array samples. Parametersrdeted from the fit are in a very good
agreement with the experimental ones. Such a sgsiestudy could potentially be used to
predict the optical properties of any kind of nairewsamples and thus allowing for

optimizing the structure features, by controllihg growth conditions on specific substrates.
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Appendix

no A} A} Air
*
N A} Al Effective layer with Mie contribution
ny 45 A} Effective layer
*
z Ny Al Al

Coating layers

%

n, 4 A

Ns A} \L Al Substrate

* Rough interface
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Figureand table captions

Fig.1. Phenomenological modelling of nanowires tiiim: Sketches of the sample (left) and
the used model (right). The model is mainly composta rough nanosphere layer with an
effective medium refractive indexg; that includes light scattering contribution anseaond
layer of refractive indexs, to account for the porosity. The two layers modeh be
combined with any multilayer system such as coatadsparent substrate including TCO
coated glass. In the phenomenological modellinge @terage diameter of the nanowites
corresponds to the diameter of the sphere; Theagedneight of the nanowiresorresponds
to the sum of the layer 1 and 2 thicknesggst d; The small scale height fluctuatiogds
corresponds to the roughness The large scale height fluctuatioms corresponds to the

wavinesss.

Fig.2. Optical transmission of typical nanowiresngées: vertically aligned nanowires with
flat top surface and tilted nanowires with roung.t¢a) Transmission curve of the CBD
growth ZnO nanowires prepared on quartz substfa@deTransmission curves of the FTO
coated glass substrate and the ECD growth ZnO namaways sample. The inserted images

are respectively SEM images of the correspondingp$es with respective scale bar.

Fig.3. Experimental and corresponding theoreti@igmission curves of the ZnO sample 1

using the rough surface model (cf.inset) includirayiness as represented by the dotted line.

Fig.4. Parameters assessment: (a) Calculated bptcamission curves of the flat substrate
model, the rough substrate model and the experahelsta. The inset represents is the
refractive index (real and imaginary) of FTO, tkeaxis is the same as the one for the
transmission curve. (b) SEM image of the FTO. (EMAimage of the FTO layer surface. (d)
Transmission curves of the rough surface modelifsiet) with thickness waviness of the

FTO thin films as to compare with the experimenitatia.

17



Fig.5. Combined model fitting: (a) Calculated optidransmission curves for the three
models: FTO coated substrate plus two effective dagers, FTO layer plus two ZnO
effective medium layers with roughness and wavirsggsdied, FTO layer plus a nanosphere
layer. The arrows indicate the drop of transmissiothe UV and visible range which are
respectively the ZnO absorption and light scatterioy the nanowires top part. (b)
Transmission curve calculated by the combined mdoelet image) and corresponding

experimental data.

Table 1. Comparison between the measured paranzetérte retrieved parameters from

the combined model.

18



Fig.1. Phenomenological modelling of nanowires thin film: Sketches of the sample (left) and
the used model (right). The model is mainly composed of a rough nanosphere layer with an
effective medium refractive index ne; that includes light scattering contribution and a second
layer of refractive index ng to account for the porosity. The two layers model can be
combined with any multilayer system such as coated transparent substrate including TCO
coated glass. In the phenomenological modelling: The average diameter of the nanowires d
corresponds to the diameter of the sphere; The average height of the nanowires e corresponds
to the sum of the layer 1 and 2 thicknesses e, + d; The small scale height fluctuations &

corresponds to the roughness &y, The large scale height fluctuations w corresponds to the

waviness o.
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Fig.2. Optical transmission of typical nanowires samples: vertically aligned nanowires with
flat top surface and tilted nanowires with round top. (a) Transmission curve of the CBD
growth ZnO nanowires prepared on quartz substrate. (b) Transmission curves of the FTO
coated glass substrate and the ECD growth ZnO nanowire arrays sample. The inserted images
are respectively SEM images of the corresponding samples with respective scale bar.
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Fig.3. Experimental and corresponding theoretical transmission curves of the ZnO sample 1

using the rough surface model (cf.inset) including waviness as represented by the dotted line.
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Fig.4. Parameters assessment: (a) Calculated optical transmission curves of the flat substrate
model, the rough substrate model and the experimental data. The inset represents is the
refractive index (real and imaginary) of FTO, the x axis is the same as the one for the
transmission curve. (b) SEM image of the FTO. (c) AFM image of the FTO layer surface. (d)
Transmission curves of the rough surface model (cf. inset) with thickness waviness of the

FTO thin films as to compare with the experimental data.
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Fig.5. Combined model fitting: (a) Calculated optical transmisson curves for the three
models: FTO coated substrate plus two effective ZnO layers, FTO layer plus two ZnO
effective medium layers with roughness and waviness applied, FTO layer plus a nanosphere
layer. The arrows indicate the drop of transmission in the UV and visible range which are
respectively the ZnO absorption and light scattering by the nanowires top part. (b)
Transmission curve calculated by the combined model (inset image) and corresponding
experimental data.
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Table 1. Comparison between the measured paranaeterthe retrieved parameters from

the combined model.

Corresponding retrieve

Measured parameters parameters
Thickness of FTO laye Thickness of FTO laye
about 1 ym 1.01 um
Roughness of FTO laysurface | Roughness of FTO layer surfa
29.5 nm (root mean square) 29.5 nm (root mean square)

Average diameter cthe

Diameter of the nanospheres

nanowires:
220 nm

about 200 nm

Thickness of effectiviayer 1
Average length of the nanowires: 220 nm

about 700 nm Thickness of effective layer 2:
480 nm






